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ALL OPTICAL REGENERATION 
This invention claims the benefit of priority to United States Provisional Patent 

Application Serial No.60/410,1 10 filed 9/12/2002. 

FIELD OF INVENTION 
This invention relates to optical communication systems, and more particularly to 
all optical systems and methods of data regeneration after signal degradation occurs due 
to long distance transmission. 

BACKGROUND AND PRIOR ART 

To meet the growing capacity demand of fiber optic communication system, 
more channels and higher line-rates have to be considered in dense wavelength-division 
multiplexing (DWDM) systems. These systems suffer from many propagation 
impairments, such as amplified spontaneous-emission (ASE), four-wave mixing (FWM), 
cross phase modulation (XPM), and stimulated Raman scattering (SRS). 

All these effects limit the transmission distance and optical regeneration is 
necessary to restore optical data signals. In an all-optical network, the need is even more 
acute as the optical signal may not only travel over variable distance but also go through 
unpredictable numbers of switching nodes. 

In conventional opto-electronic repeater/regenerators, two complete WDM (wave- 
division multiplexing) terminal equipments in a back-to-back configuration are used. 
They are expensive since both 0-E and E-0 conversion are required, and will be finally 
bandwidth-limited. In the future high speed long-haul transmission systems or large-scale 
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optical networks, all-optical regeneration, including 2R (reshaping and reamplification) 
and 3R (2R plus retiming) are key technologies to overcome the electronic bottleneck. 

Many approaches have been proposed for optical 3R regeneration. The majority 
of them can be classified into the following categories: 1) cross-gain modulation (XGM) 
5 regenerators using semiconductor optical amplifiers (SOA) and/or distributed feedback 
(DFB) lasers; 2) interferometric regenerators using cross phase modulation (XPM) in 
SOAs or optical fiber; 3) cross-absorption modulation in electro-absorption modulators 
(EAM); 4) soliton-based regenerators using synchronous modulation; 5) noise 
suppression on bit I's using gain saturation in SOAs or fiber parametric amplifiers; and 

10 6) regenerators based on spectral broadening due to self-phase modulation (SPM); 7) 
high-order parametric processes 

Regeneration schemes based on gain dynamics of SOAs are limited in speed by 
the carrier recovery time and in ER by weak gain saturation. As a result, it is unlikely 
XGM or gain saturation in SOAs will function at 40 Gb/s and above. Other schemes and 

15 their potential problems with these approaches are hereafter discussed to place the 

invention of this application in the proper context. The review is focused on nonlinear 
optical gating. 

Interferometric Regenerators 

Interferometric regenerators based on XPM in SOAs can be of the Mach-Zehnder 
20 (MZ), Michelson or delay interferometer types exploiting similar phase dynamics as used 
in the terahertz optical asymmetric demultiplexer (TOAD). A MZ regenerator uses two 
symmetric SOAs. The input data to be regenerated is split into two equal parts, one is 
delayed with respect to the other. The retimed clock pulses are also fed equally into the 
two MZ arms. Because of the relatively delay, the phase difference experienced by the 
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clock pulses in the two arms is roughly a series of rectangular pulse of width r and 
height ;r . The transfer function of the interferometer is sin[(^, -</>2)/2]« The speed of 
operation of this regenerator is limited only by the rise time, not by the carrier recovery 
time. As a result, regenerators based on XPM in SOAs have been demonstrated to 

5 operate as high as 80 Gb/s (and XPM based wavelength conversion up to 160 Gb/s). The 
other advantage is that the sensitivity of such regenerators is among the highest of all the 
optical regenerators due to strong nonlinearities in SOAs. The disadvantages of this type 
of regenerator are as follows. Because data to be regenerated in general will have long- 
term average power fluctuations and short-term pattern-dependent effects, the data need 

10 to be pre-processed so that the peak power of each bit is the same. Pre-processing in 
general only optimize operation of bit I's of the original data to be regenerated. 
Therefore only the noise of bit I's (non-inverting regenerator) or bit O's (inverting 
regenerator) will be reduced by the regenerator depending on the initial phase delay of the 
interferometer. 

15 Interferometric regenerators based on XPM in fibers are in general realized in the 

form of a nonlinear optical loop mirror (NOLM). It exploits the phase difference between 
the co-propagating and counter-propagating path. The NOLM has ultra high speed 
potential. It is not very practical because of the interferometric stability with long (~km) 
length of the fiber loop, and as in the case of SOA based XPM regenerators, it requires 

20 preprocessing. 

Cross-Absorption Regenerators 

All-optical regenerator based on cross-absorption modulation in EAMs exploits 
saturation effects in EAMs. This regenerator consists of an EAM with two inputs: the 
data to be regenerated and a probe laser. At bit Ts, the input data saturates the absorption 

3 



Atty Dkt. 
UCF-370 

of the EAM, leaving it transparent to the probe laser. At bit O's the EAM is still 
absorptive to the probe laser. In order to obtain (thresholding effects) improved ER, the 
EAM should be biased at a very lossy state and strong injection power is required. The 
average power required for the data signal is on the order of +17 to + 19 dBm. The speed 
5 is limited by the carrier recombination speed, which is in general faster than the carrier 
recovery speed of lasers. Speeds up to 40 Gb/s have been demonstrated. The 
disadvantages of cross-absorption regenerators are: 1) it has a very low sensitivity (high 
input power) and 2) the speed is limited to about 40 Gb/s. 
Soliton-Based Regenerators 

10 Soliton-based regenerator exploits the robustness of soliton pulses under 

synchronous modulation. Synchronous modulation has been used to transmit solitons 
over unlimited distance. Soliton-based regenerator first converts the regular dispersion- 
managed RZ pulses to soliton pulses, which is optically filtered and then synchronously 
modulated by a recovered clock signal (synchronous modulation). The soliton pulses (bit 

15 Ts) that emerge from synchronous modulation is robust while noise pulses (bit O's) will 
disperse. In addition, synchronous modulation reduces jitter in soliton pulses as the 
centers of the pulses attract towards transmission peaks at exactly the clock rate. This 
process can be repeated, each time resulting in a better ER and smaller jitter until 
reaching an ER and a jitter floor. Although synchronous modulation of multiple channels 

20 can be envisioned, RZ-to-soliton and soliton-to-RZ conversions have to be performed in 
separate channels since the conversion conditions for each channel are different. In 
addition synchronous modulation requires that each channel have the same clock rate. 
This is not generally satisfied because different WDM channels often come from different 
sources with independent clocks. Despite the attention this scheme has received, this 
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approach is not cost effective with OEO regeneration when the cost of preprocessing (RZ 
to soliton) and post processing (soliton to RZ), which needs to be performed on a per 
channel basis, is factored in. 

Regeneration using Gain Saturation in Fiber Parametric Amplifiers 

5 This involves regeneration using gain saturation in fiber parametric amplifier 

(FPA). The pump for the parametric amplifier is a CW laser (for 2R) or retimed clock 
pulse train (for 3R) and the data to be regenerated is used as the probe. Before input into 
the FPA, the probe is amplified so that bit Ts will saturate the pump. As a result only bit 
I's can be reshaped. It should be noted that this gain saturation is due to pump depletion 

10 when the pump power is transferred to the probe. Compared to SOA's with saturated 
gain, this scheme can operate at high speeds. Inherently, this scheme is not very 
competitive because reshaping of the bit I's comes at the expenses of reduced ER. As a 
result, negative power penalty cannot be achieved. Practically, when a signal needs to be 
regenerated, its ER is already low and the reshaped signal with a further reduction in ER 

15 would not be able to transmit any further in fiber. 
Regeneration Using Self-Phase Modulation 

In regeneration using self-phase modulation, the input pulses to be regenerated 
have a spectral width on the order of A6;„ 1/r , where t is the pulse width. Due to the 
effect of SPM, the spectral bandwidth of the pulses broadens to AcOgp^ = A^^{2^/A)nJ^L , 

20 where is the pulse intensity (which can fluctuate), is the nonlinear refractive, A is 
the wavelength and L is the length of the nonlinear fiber. After SPM, the pulses pass 
through an optical filter whose center frequency, cDj. , is shifted with respect to the input 

signal carrier ft-equency, as o)^= a)^, + Ao)^.^.^^ . If the spectral broadening of the pulse is 
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small enough so that (d^pm ^^sMft ^ *e pulse is rejected by the filter. If the pulse 
intensity is high enough so that co^pM / 2 > A^^.^,^ , a part of the SPM-broadened spectrum 

passes through the filter. This regeneration scheme on surface is quite attractive. It uses 
only passive component, can lead to ER improvement. However, there is a major 
5 problem in terms of retiming with this scheme. First, it does not allow a retiming 

mechanism. Second, the intensity fluctuations (noise and pattern effects) in the input data 
can lead to significant jitter up to ±10% r . To solve the retiming issue, this scheme has 
been combined with synchronous modulation. 
High-Order Parametric Processes 
10 Recently optical regeneration using high-order parametric processes has been 

proposed. It relies on multiple nonlinear optical interactions that involve multiple pumps 
and multiple idlers. As such, it is complicated, requires complicated filtering, and has 
limited dynamic range. 

Thus, the need exists for solutions to the above problems of the prior art. 

15 

SUMMARY OF THE INVENTION 
A primary objective of the present invention is to provide a method and apparatus 
for all-optical 2R (reamplification and reshaping) regeneration. 

A secondary objective of the present invention is to provide a method and 
20 apparatus for all-optical 3R (2R plus retiming) regeneration 

A preferred embodiment of the invention is the 2R regeneration apparatus that 
comprises: a high power Erbium-doped fiber amplifier (EDFA) which boosts the input 
data signal as the pump of the exponential amplifier; a continuous wave(CW) probe; an 
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exponential amplifier which could be a piece of fiber with parametric amplification; and a 
limiting amplifier, which could be a SOA. 

Another preferred embodiment of the invention is the 2R regeneration apparatus 
that comprises: a high power Erbium-doped fiber amplifier (EDFA) which boosts the 
5 input data signal as the pump of the exponential amplifier; a continuous wave(CW) 
probe; a fiber parametric amplifier in which the exponential gain at low pump levels is 
followed by flattened gain at high power levels due to self-phase modulation induced 
spectral broadening. 

The preferred embodiments of the invention for 3R regeneration are different 
10 from the aforementioned 2R regeneration apparatuses in that the CW probe of the former 
is replaced by pulsed light source with its timing provided by clock recovery. 

The applications of the present invention include all-optical regeneration in long- 
haul fiber communication systems or optical networks, especially when the signal travels 
an unpredicted distance and become distortion. It also could be used as a front-end of the 
15 optical receiver to improve the signal extinction ratio to minimize the error rate. 

Further objects and advantages of this invention will be apparent from the 
following detailed description of a presently preferred embodiment which is illustrated 
schematically in the accompanying drawings. 

20 BRIEF DESCRIPTION OF THE FIGURES 

Fig. 1 is a first preferred embodiment layout for a format insensitive 2R regeneration. 
Fig. 2 is a first preferred embodiment layout for a format insensitive 3R regeneration. 
Fig. 3 shows the parametric conversion efficiency as a function of the peak pump power 
shows the exponential relationship with moderate pump condition. 
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Fig. 4 shows the output vs. input power relationship of SOA at saturation state. 
Fig. 5a shows eye diagrams at approximately 5 Gb/s for a extinction ratio seriously 
degraded signal. The horizontal scale is approximately 50 ps/div and the vertical scale is 
200 mV/div. The extinction ratios are approximately 4.5 dB, approximately 18 dB, and 
5 approximately 15.4 dB respectively. 

Fig. 5b shows an eye diagram at approximately 5Gb/s for a idler signal after parametric 
amplification by a DSF. 

Fig. 5c shows an eye diagram at approximately 5Gb/s for final regenerated signal. 

Fig. 6 shows simultaneous exponential amplification and limiting amplification with a 
10 single piece of fiber as a parametric amplifier. 

Figures 7a, 7b, 7c, and 7d shows 2R regeneration for approximately 10 Gb/s NRZ data. 

Figures 8a, 8b, and 8c shows 2R regeneration for approximately 10 Gb/s RZ data. 

Fig. 9 shows a graph of sensitivity improved by using highly nonlinear crystal fiber. 

Fig. 10 shows the experimental setup for 2R regeneration. 
15 Fig. 1 1 shows the transfer function of the parametric fiber amplifier with regular 

dispersion shifted fiber (dashed line) and the highly nonlinear fiber (solid line). 

Fig. 12a shows the data pattern of the input data. 

Fig. 12b shows the eye diagram of the input data. 

Fig. 12c shows the data pattern of the regenerated data of the preceding figures. 
20 Fig. 12d shows the eye diagram of the regenerated data. 

Fig. 13 shows the BER measurements of the approximately 10 Gb/s input signal and 
regenerated data respectively. . 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Before explaining the disclosed embodiments of the present invention in detail it 
is to be understood that the invention is not limited in its application to the details of the 
particular arrangements shown since the invention is capable of other embodiments. In 
5 addition, the terminology used herein is for the purpose of description and not of 
limitation. 

With respect to the terminology, a short review is presented hereafter for a better 
understanding of the preferred embodiments. When used in the context of 3R, the 
reshaping comprises two sub-functions: enhancement of the extinction ratio and noise 

10 reduction for bit O's as well as bit 1 's, which are realized by exponential amplification 
followed by limiting amplification. This invention lists 3 different combinations for the 
exponential amplification and the limiting amplification as follows: (a) a piece of fiber 
(dispersion shifted fiber or photonic crystal fiber) with parametric amplification as an 
exponential amplifier, where the bit O's of the input signal are located in the exponential 

15 amplification region; a semiconductor optical amplifier (SOA) operating in gain 

saturation state as a Limiting amplifier, (b) One piece of fiber as an exponential amplifier 
and another piece of fiber with different parameters as a limiting amplifier, where the bit 
O's are located in the exponential amplification region of the first fiber segment and the 
bit I's are located in the gain saturation region of the second fiber segment, (c) One piece 

20 of fiber as both an exponential amplifier and a limiting amplifier, where the bit O's and bit 
I's of the input signal are located in the exponential amplification region and gain 
saturation region respectively. 

The 2R regeneration scheme includes a high power EDFA, which boosts the input 
data signal as the pump of the exponential amplifier, a continuous wave (CW) probe, an 
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exponential amplifier, which is a piece of fiber with parametric amplification in present 
invention, and a limiting amplifier, which could be a semiconductor optical amplifier 
(SOA) or a piece of fiber with parametric amplification operating in the saturation state, 
and the like. An advantage of using fiber with parametric amplification over SOA is its 
5 speed is significantly improved, but the parameters of the fiber should be carefully 
designed. 

The only difference in the 3R regeneration scheme is the CW probe is replaced 
with a clock recovery module, the input of which could be incoming signal or regenerated 
signal. The latter choice will be more favorable since the clock component will be 

10 stronger and clock recovery module will work better. 

The applications of the present invention include all-optical regeneration in the 
long-haul fiber communication system or optical network, especially when the signal 
travels an unpredicted distance and become distortion. It also could be used as a front-end 
of the optical receiver to improve the signal extinction ratio to minimize the error rate. 

15 The origin of fiber parametric processes lies in the nonlinear polarization induced 

by the applied optical field through nonlinear susceptibilities. When an intense pump 
wave is input to a fiber together with a signal wave, the signal is amplified, and at the 
same time a new signal called idler wave is generated, provided the phase matching 
condition is satisfied. Under the small signal condition (pump is not depleted), the 

20 parametric conversion efficiency (the idler power divided by input signal power) 
increases exponentially with the pump power as indicated by equation (1). 

(1) G^^Uxpi2jP,L) 
4 
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where y is the nonlinear coefficient, is the pump power, and L is the length of the 
nonlinear fiber. For standard dispersion shifted fiber, a nonlinear coefficient of 
y = 2J IkmlW and an effective area of A^^ = 57 //w^ . 

The principle of the two-stage 2R regeneration scheme is shown in Figure 1, 
5 where a first-stage exponential amplifier (such as an optical fiber parametric amplifier) 
precedes a second-stage limiting amplifier (such as an SOA.). The input signal to be 
regenerated is used as the pump of the exponential amplifier, whose gain increases 
exponentially with the pump power such as the case of optical fiber parametric amplifier. 
Therefore, bit I's will provide more gain to the CW probe than bit O's, thus increasing the 
10 extinction ratio of the output signal from the parametric amplifier. However, because of 
the exponential gain characteristics of the amplifier, the noise on bit Ts in the pump (i.e., 
the data to be regenerated) will be transferred to the output. The second-stage amplifier 
such as an SOA provides gain-saturation to provide noise reduction on bit Ts. In 
conclusion, the exponential amplifier provides extinction ratio enhancement while the 
15 saturation amplifier provide noise reduction on bit I's. 

The principle of the two-stage 3R regeneration scheme shown in Figure 2 is 
similar to Figure 1 except the CW probe is replaced by a retimed pulsed probed, 

The experimentally measured parametric conversion efficiency vs. peak pump 
power is shown in Fig. 3, where the gain media is an approximately 2km long dispersion 

20 

shifted fiber with zero-dispersion wavelength of approximately 1555nm. The pump 
wavelength and the probe wavelength are approximately 1556 nm and approximately 
1564 nm respectively. For example, if the pump signal has an extinction ratio of 
approximately 4 dB (approximately 26 dBm for low level and approximately 30 dBm for 
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high level), the idle signal would have an extinction ratio of approximately 25 dB. On the 
other hand, this exponentially increasing conversion efficiency can also amplify the 
amplitude fluctuation at bit 1. It is therefore necessary to deploy a limiting amplifier to 
suppress these amplitude fluctuations. A semiconductor optical amplifier (SOA) can act 
as a limiting amplifier if the input power is high enough to saturate its gain. 

Fig. 4 shows the output power as a function of the input power, where the 
injection current of SOA is approximately 145 mA. It clearly indicates that the SOA falls 
into deep saturation at high input powers. When the input power is > approximately -4 
dBm, the output power fluctuation is less than approximately 0.5 dB even if the input 
power fluctuates in a range of approximately 7 dB. The amplitude fluctuation at bit 1 is 
therefore suppressed. 

Figures 5a and 5b show the approximately 5 Gb/s eye-diagrams before and after 
parametric amplification, where the signal wavelength was approximately 1564 nm and 
the pump peak power was approximately 1.4 W, respectively. The amplitude noise at bit 
O's was suppressed due to the threshold characteristics of parametric amplification. The 
extinction ratio improved significantly from approximately 4.5 dB to approximately 18 
dB. However, parametric amplification could not suppress the amplitude noise at bit 1 's. 
In fact it amplified the amplitude noise at bit I's due to its exponential gain response to 
the pump power. 

By employing an SOA operating in saturation state, the amplitude noise at bit I's 
could be reduced. The eye diagram of the regenerated data shown in Fig. 3 c indicates 
that an extinction ratio of approximately 15.4 dB was achieved when the average input 
power was approximately -15 dBm. The extinction ratio degraded by approximately 2.6 
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dB relative to the signal directly after parametric amplification since SOA2 "exaggerated" 
the noise level of bit O's. The overall improvement of extinction ratio of the regenerated 
data was approximately 1 1 dB (over the degraded incoming data). 

The exponential amplification and limiting amplification are also possibly 
realized by just one piece of fiber. The idler power vs. pump peak power relationship is 
shown in Fig. 6. To demonstrate the format transparency, RZ and NRZ data signals are 
used as the pump respectively. The emergence of gain flattened (limiting gain) region is 
due to self-phase modulation induced spectral broadening which cause the pump power to 
be transferred to its neighboring frequencies rather than to the ilder.. If the bit O's of the 
pump signal are located in the exponential region while the bit I's are located at the 
saturation region, the noises of both bit I's and bit O's will be reduced and the extinction 
ratio will be improved at the same time. Figures 7a, 7b, 7c and 7d and Fig. 8a, 8b and 8c 
simulates the signal regeneration for NRZ and RZ format respectively. 

The main drawback of using dispersion shifted fiber as the parametric media is 
very high operating power requirement. However, this could be overcome by using highly 
nonlinear fiber by, for example, increasing Ge concentration in fiber core or creating 
photonic crystal fibers, both of which are currently intensively studied. 

Fig. 9 shows the output idler power vs. pump peak power relationship by 
decreasing the effective core area from 55 |im^ of the regular dispersion shifted fiber to 
approximately 10 |LLm^. It could be noted that the pump threshold is decreased about 
approximately 10 dB if compared to Fig.6. 

To more fully understand the 2R embodiment of the invention, reference should 
be made to Fig. 10 which illustrates the various components of the experimental setup for 
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2R regeneration including including: the mode-locked fiber laser (MFL) 92; polarization 

LiNbOa modulator (MZI) 96:, semiconductor 

controller (PC) 94: MZI: Mach-Zender 

optical amplifier (SOA) 98; BPF: bandpass filter (BPF) 100; Er^"" doped 
fiber amplifier (EDFA) 102; and, the highly nonlinear fiber (HNLF) 104. 

5 In this experimental set up an approximately 9.953 GHz pulse train with an 

approximately 6 ps pulsewidth was generated ft-om the mode-locked fiber laser (MFL) 
92. It was then encoded with an approximately 9.953 Gb/s pseudo-random bit-stream 
(PRBS) 93 of pattern length up to approximately 2^^ - 1 through an external modulator. 
The semiconductor optical amplifier (SOA) 98 with a bias current of approximately 145 

10 mA operating in saturation was used to introduce noises on bit O's and I's as well as 
pattern effect to the data signal to be regenerated. The optical bandpass filter 100 right 
after the SOA 98 was used to block the strong broadband ASE noise. The center 
wavelength of the data signal before and after the SOA 98 were approximately 1556 nm 
and approximately 1556.5 nm (due to the red shift of the saturated amplification). The 

15 data pulse train was amplified by an EDFA 102 and then launched into a 6 km long 
highly nonlinear fiber (HNLF) 104 as the pump of the fiber parametric amplification. 
The HNLF has a very small dispersion slope (approximately 0.017 ps/nm^/km) around its 
zero-dispersion-wavelength approximately 1552 nm. A CW laser 106 at approximately 
1561.5 nm with the power level of approximately 8 dBm, which acts as the probe signal 

20 was coupled into the HNLF 104 through the 10% input port of a 90: 10 coupler 108 with a 
power meter 109 attached thereto. The polarization state of the CW signal was adjusted 
by a polarization controller 1 10 to obtain the highest parametric gain. To prevent the 
strong pump signal from damaging the connectors and detectors, an optical isolator 1 12 
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and a fiber Bragg grating 1 14, which was tuned to reflect the pump wavelength, were 
inserted right after the HNLF 104 to block the pump signal. An optical bandpass filter 
1 14 with a 3-dB bandwidth of approximately 1 nm was used to select the idler component 
at approximately 1551.5 nm. The regenerated data 116 was analyzed by a digital 
5 sampling oscilloscope and an error detector(not shown). 
Experimental results 

Fig. 1 1 shows the experimentally measured transfer function of the FPA using a 
HNLF in terms of the idler gain vs. the peak pump (the data signal to be regenerated) 
power. As a comparison, the transfer function of the FPA using a regular dispersion- 
10 shifted fiber (DSF) is shown in the same figure. The idler obtains exponential 

amplification at lower pump (the bit O's) and flattened gain at a higher pump (the bit Ts) 
as result of pump energy transferring to other frequency components via self-phase 
modulation induced spectral broadening and supercontinuum generation. Since the 
nonlinear coefficient y has been enhanced from approximately 2.7 W~*km'^ to 

15 approximately 9.75 W'^km"^^ for the HNLF, the power required for flattened gain is 

greatly decreased from approximately 32.5 dBm to approximately 23.5 dBm. In addition, 
due to the small dispersion slope, the FPA gain-flattened range (within approximately 0.5 
dB fluctuation for example) is also increased from approximately 0.6 dB to 
approximately 1 dB. 

20 At the output of the SOA, the approximately 10 Gb/s PRBS data to be regenerated 

has reduced extinction ratio due to saturated amplification of the SOA. The ASE noise of 
the SOA adds noise at both bit O's and bit I's. Due to the finite gain recovery time of the 
SOA, bit I's also exhibit serious pattern effects. 
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Figures 12a and 12b show the data to be regenerated into the FPA and the 
corresponding eye diagram in amplitude vs. time. It should be pointed, although the 
extinction ratio is moderate (approximately 9 dB measured from DCA oscilloscope), the 
eye opening is quite small due to the noises on both bit O's and I's. In addition, pattern 
5 effect on bit I's is apparent from the "double eye" in the eye diagram. The regenerated 
data and the corresponding eye diagram are shown in Figures 12c and 12d respectively. 
One could notice that after the regeneration, both the noises of bit O's and bit Ts have 
been reduced. As a result, the eye diagram was widely opened and the amplitude of the 
pulses (bit I's) became uniform. The corresponding extinction ratio is approximately 14 
10 dB, which is already close to the highest extinction ratio measurable using the 
oscilloscope. 

To ensure end-to-end system performance, a measurement of the sensitivity of the 
original data and the regenerated data was made and presented herein. The regeneration 
scheme indeed provides negative power penalty. Fig. 13 shows that at a BER of 
15 approximately 10"^ , the receiver sensitivity of the regenerated data has been improved to 
approximately -19 dBm compared to approximately -14 dBm of the original degraded 
signal. Thus the regenerated data has an approximately 5 dB negative power penalty. 
This represents one of the best negative power penalties reported so far in literature. 

Thus, a 2R regeneration using a fiber parametric amplifier has been successfully 
20 demonstrated. An extinction ratio enhancement of approximately 5 dB has been 

obtained. Negative power penalty as much as approximately 5 dB indicates its attractive 
end-to-end transmission performance. 

The experimental results demonstrated above uses input signal with extinction 
ratio degradation but no jitter degradation. For signals with jitter degradation, a 3R 
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regenerator will be used where the excess jitter is removed by the clock recovery process. 
In this case negative power penalty of the 3R regeneration process will result from not 
only reshaping as in the 2R case but also retiming. 

Further improvement of the presentation can be made by use other material 
systems with high effective third-order nonlinear coefficients rather than optical fiber for 
parametric amplification. These materials can include bulk nonlinear optical crystals or 
semiconductors. By increasing the nonlinear optical coefficients, the regenerator can be 
made much more compact. In particular, self-phase modulation and parametric 
amplification using cascaded nonlinear optical processes in periodically-poled lithium 
niobate is of special interest as its effective nonlinear coefficient is approximately 4 
orders of magnitude higher than that of optical fiber. So the kilometers of fiber used in 
the experiments described above as be replaced by a few centimeters of periodically- 
poled lithium niobate. 

While the invention has been described, disclosed, illustrated and shown in 
various terms of certain embodiments or modifications which it has presumed in practice, 
the scope of the invention is not intended to be, nor should it be deemed to be, limited 
thereby and such other modifications or embodiments as may be suggested by the 
teachings herein are particularly reserved especially as they fall within the breadth and 
scope of the claims here appended. 
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